A reverse transcription-PCR (RT-PCR) was established to amplify a 379-bp cDNA fragment (nucleotides 747 to 1126, coding for amino acids 241 to 367) of the VP6 gene of group A rotaviruses associated with subgroup (SG) specificity. Thirty-eight human rotavirus strains characterized with SG-specific monoclonal antibodies were subjected to VP6-specific RT-PCR, and PCR amplicons were used for sequencing. Nucleic acid sequencing and phylogenetic analysis of the VP6 amplicons revealed two clusters, or genogroups. Two genetic lineages were distinguished within genogroup I, consisting of strains serologically characterized as SG I, and three genetic lineages were distinguished within genogroup II, composed of strains serologically characterized as SG II, SG I ؉ II, and SG non-I, non-II. Subgrouping of rotaviruses by means of serological methods may result in strains not being assigned the correct SG or in a failure of strains to subgroup. Molecular characterization of the SG-defining region of VP6 provided evidence for independent segregation of the rotavirus genes encoding VP4, VP6, and VP7.
Rotaviruses are triple-layered particles of the Reoviridae family which are classified into groups (A to E) and subgroups (SG) according to the presence of epitopes on the middle-layer protein VP6 (16) . VP6 is a trimeric protein that interacts with the inner-layer protein VP2 and with the two outer-layer proteins VP7 and VP4 (20) . Most human rotavirus infections are caused by rotaviruses of group A. Within this group, SG I, II, I ϩ II, and non-I, non-II have been defined according to the presence or absence of two distinct epitopes reactive with one, both, or neither of the monoclonal antibodies (MAbs) 255/60 and 631/9 (11) . Subgrouping enzyme-linked immunosorbent assays (ELISAs) have been used extensively in epidemiological studies. The rotaviruses most commonly found in humans belong to SG II (2, 4, 8, 14, 19) , while SG I is common among animal rotaviruses (18, 23) .
Previous studies have mapped SG I specificity to amino acid (aa) position 305 and the region between positions 296 and 299 and SG II specificity to residue 315 (18, 23) . It is still unclear whether SG specificity is determined by linear or conformational epitopes, although there is some evidence that the epitopes recognized by SG-specific MAbs are conformational and are present only in the trimeric form of VP6 (9) . Amino acid substitutions that are quite distant in the linear molecule may affect the conformation of the epitopes.
Serological characterization of the surface proteins VP7 and VP4 has been shown to be unreliable due to antigenic drift through the accumulation of point mutations (7, 12, 21) . It is possible that VP6 will undergo similar antigenic changes, resulting in poor reactivity in serological subgrouping assays.
The aims of this work were to determine the SG of rotavirus strains on the basis of cDNA sequences of a fragment of the VP6 genes, to investigate correlations between molecular and serological subgrouping methods, and to study the variability of the VP6 gene within and among the different SG. This would also allow researchers to investigate at a molecular level whether and to what extent VP6 genes are involved in reassortment events shown to occur in nature during cocirculation of different human and animal rotavirus strains (14, 25, 26) .
MATERIALS AND METHODS
Strains. Thirty-eight rotavirus strains previously characterized by serological assays as SG I (8 strains), SG II (16 strains), SG non-I, non-II (8 strains), or SG I ϩ II (6 strains) were selected from a collection of human rotavirus isolates obtained in the United Kingdom during a 4-year (1995 to 1999) surveillance study (13, 14) . Five strains of unusual G and P genotype combinations for which subgroup serology was not available were also included (one strain each of G8 P [8] , G9 P [6] , and G1 P [9] and two strains of G9 P [8] ).
Subgrouping of rotaviruses into SG I, II, I ϩ II, and non-I, non-II was performed by ELISA using 96-well microtiter plates coated with rabbit polyclonal anti-rotavirus VP6 antibodies (provided by DAKO Diagnostics Ltd., Ely, United Kingdom) with minor modifications to a published procedure (3) . MAbs 255/60 and 631/9 (10, 11), specific for SG I and SG II, respectively, were used for subgrouping ELISAs. Briefly, plates were blocked with 100 l of 0.1 M phosphate-buffered saline (PBS) (pH 7.4) containing 5% (wt/vol) skim milk powder and 0.05% (vol/vol) Tween 20 (5% SMP-PBST) for 2 h at 37°C. After aspiration of the blocking solution, 75 l of 2.5% SMP-PBST was added to all the wells, followed by 25 l of a 10% fecal suspension (2 wells/sample); three negative controls were included in each plate. Plates were incubated at 4°C for 16 to 18 h and washed five times with PBST. One hundred microliters of a SG I-or SG II-specific MAb diluted 1:1,000 in 2.5% SMP-PBST was added to the appropriate wells. Plates were incubated for 2.5 h at 37°C and then washed five times with PBST, and 100 l of a 1:10,000 dilution of a commercial horseradish peroxidaseconjugated goat anti-mouse immunoglobulin G (Sigma, Dorset, United Kingdom) was added to each well. Plates were incubated for 1.5 h at 37°C and then washed five times with PBST. One hundred microliters of tetramethylbenzidine (0.1 mg/ml)-H 2 O 2 (0.014%) (Sigma, Dorset) in 0.05 M phosphate-citrate buffer (pH 6) was added to each well, and the reaction was stopped after 10 min by addition of 50 l of 2 M H 2 SO 4 . Optical density was measured at 450 nm (OD 450 ). The cutoff value was calculated as the mean of the OD 450 values of the rotavirus-negative fecal sample controls for each plate plus 3 standard deviations.
A sample was considered to be reactive for one or both of the two MAbs if the OD 450 was above the cutoff value. SG I or SG II was assigned when the OD 450 value obtained with one of the MAbs was at least twice the OD 450 value obtained with the other MAb. A sample was classified as SG non-I, non-II if it was not reactive with either MAb; it was classified as SG I ϩ II if it was reactive with both MAbs but the OD 450 ratio between the two was Ͻ2.
Primers were designed to amplify a 379-bp region (nucleotides [nt] 747 to 1126, coding for aa 241 to 367) of the VP6 gene; they were VP6-F (sense) (5Ј FIG. 1. Phylogenetic tree constructed from 379-bp cDNA fragments of the VP6 genes of 43 human rotavirus strains by using the Clustal and neighbor-joining methods. For each strain, the strain designation and year of isolation, G and P types, geographical location, and serologically determined SG are shown. Significant bootstrap values (Ͼ90%) are shown at the branching point of each cluster. Accession numbers of sequences of prototype strains of SG I, SG II, SG I ϩ II, and SG non-I, non-II obtained from GenBank are given in italics.
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GACGGVGCRACTACATGGT 3Ј) (nt 747 to 766) and VP6-R (antisense) (5Ј GTCCAATTCATNCCTGGTGG 3Ј) (nt 1126 to 1106).
Reverse transcription was performed after guanidinium isothiocyanate-silica nucleic acid extraction (5) using random priming with hexamers (AmershamPharmacia Biotech) (5, 13) , and the cDNA was used in the VP6-specific PCR. The PCR was optimized for use with the LightCycler (Roche, Molecular Biochemicals) real-time PCR thermal cycler.
Amplicons obtained were purified by using a commercial spin column (QIAquick; Qiagen) and sequenced by using primers VP6-F and VP6-R. Nucleic acid sequences were derived by using an automated sequencer (CEQ2000; BeckmanCoulter).
Phylogenetic analyses were performed by using the Clustal and neighborjoining methods and were confirmed by the bootstrapping and maximum parsimony methods (using Megalign, DNAstar [Lasergene, Madison, Wis.], and Bionumerics [Applied Maths, Kortrijk, Belgium]).
RESULTS

PCR.
A rotavirus group A-specific real-time PCR which amplifies a 379-bp fragment of the VP6 gene of rotavirus strains of different subgroups was optimized. The melting temperatures (T m ) of the VP6 amplicons ranged between 83.0 and 86.0°C. No correlation was found between amplicon T m and serologically defined SG specificity (data not shown).
Sequence analysis. Phylogenetic analyses of the nucleic acid sequences of VP6 amplicons obtained from these strains showed that all of the strains determined as SG I by ELISA clustered together into two genetic lineages, IA and IB (genogroup I) (Fig. 1 ). All the other strains (SG II, SG I ϩ II, and SG non-I, non-II) formed a second cluster (genogroup II) ( Fig.  1) . Three genetic lineages, IIA, IIB, and IIC, were distinguishable within genogroup II, but no correlations were found between serologically determined SG and genetic lineage ( Fig. 1 ; Table 1 ).
Analysis of the deduced amino acid sequences showed conserved amino acid substitutions distinguishing the strains in genogroups I and II at residues 305 (Ala3Asn); 310 (Asn3 Leu), 315 (Glu3Leu), 339 (Ser3Asn), 342 (Met3Leu), and 348 (Ser3Ala). In the strains that were identified as SG non-I, non-II or SG I ϩ II by serology, the residues at these positions were identical to those of SG II strains ( Table 2) .
Analysis of the distribution of G and P genotypes revealed likely reassortment events involving the VP6 gene among strains of genogroups I and II (Table 3) .
DISCUSSION
The ability to amplify a 379-bp region of the VP6 gene which encompassed the region previously defined as encoding the SG-specific epitopes allowed the molecular subgrouping of rotaviruses according to diversity within the VP6 gene.
The unreliability of serological methods for the characterization of VP7 and VP4 into G and P types, respectively, is a well-recognized problem (7, 12, 21) . This originates from an accumulation of point mutations which leads to amino acid changes on the epitopes recognized by the type-specific MAbs. Many strains cannot be serotyped due to the limited availability of MAbs specific for all the variants, which has resulted in the gradual replacement of serotyping by molecular typing methods. Therefore, it could be postulated that the existence of mutants is not restricted to the VP7 and VP4 molecules but may also apply to other structural proteins such as VP6.
A total of 20 SG-specific amino acids have been identified, and studies using site-directed mutagenesis (23) or recombination (18) of VP6 genes have shown that substitutions at positions 296 to 299, 305, 306, 308, and 315 are capable of changing reactivities to the SG I-and SG II-specific MAbs. It has been proposed that an Ala residue at position 305 and the region between 296 and 299 contribute to determining reactivity to MAb 255/60 (SG I), whereas a Glu residue at position 315 contributes to reactivity to MAb 631/9 (SG II) (23) .
The epitopes recognized by the SG-specific MAbs are thought to be conformational and therefore present only in the trimeric form of the protein. Therefore, the VP6 region chosen for amplification in our study encompasses the amino acid positions previously implicated in recognition by SG-specific MAbs, and those associated with trimerization (aa 246 to 315) (1, 6), as well as most of those necessary for the formation of double-layered particles (aa 281 to 397) (24) . The deduced amino acid sequences of all the strains serologically determined as SG I showed an Ala residue at position 305, which is characteristic of SG I. However, the amino acid sequences of the amplicons obtained from strains serologically determined to be SG II, SG I ϩ II, or SG non-I, non-II were indistinguishable from each other. All these strains had the Glu residue at aa position 315 characteristic of SG II strains. None of the strains serologically determined as SG I ϩ II or SG non-I, non-II showed substitutions at any of the other SG-determining amino acid positions different from those of the SG II strains ( Table 2) . None of the strains serologically determined as SG non, non-II showed the insertion Pro-Glu at positions 299 and 300 or an amino acid substitution at position 308 (Table 2 ) previously shown to abolish reactivity with both MAb 255/60 and MAb 631/9 (22) . The genetic similarity among strains subgrouped as SG II, SG I ϩ II, or SG non-I, non-II by using serological methods would suggest either serological cross-reactivity between SG I and SG II or the loss of an SG-determining epitope. However, the cross-reactivity would appear to be unidirectional, as strains of SG II may cross-react with the SG I-specific MAb, but strains of SG I do not appear to cross-react with the anti-SG II MAb. All the strains serologically determined as SG I ϩ II showed greater reactivity with the SG II-specific MAb (Table 1) . It is possible that amino acid positions or regions outside those analyzed here may contribute to reactivity of SG II strains with the SG I-specific MAb. An Ala residue at position 172 was suggested to contribute to the formation of the SG I-specific epitope; however, single point mutations at this position showed only low reactivity values in immunoprecipitation assays with the SG I-specific MAb (23) , and a chimeric VP6 containing an Ala residue at this position in the presence of substitutions characteristic of SG II at aa positions 305 and 315 did not react with with the SG I-specific MAb (18) . Furthermore, the unsatisfactory definition of an SG through a lack of reactivity with either SG-specific MAb does not rule out the possibility that SG non-I, non-II strains are misclassified as a result of insufficient antigen being present in the ELISA. Nevertheless, this is unlikely given the fact that strains failing to react in the subgrouping ELISAs reacted with group A crossreactive antibodies in diagnostic ELISAs. There is the theoretical possibility that conformationally determined SG specificity might be affected by different variants of VP2 with which VP6 interacts. This possibility awaits exploration. Only one strain of SG I ϩ II (equine strain F1-14) and two strains of SG non-I, non-II (the murine strain EW and the equine strain H-2) have been found in the sequence databases, and none of these are of human origin (9, 23) . Their nucleic acid and amino acid sequences were significantly different from the SG I and SG II strains throughout the VP6 region chosen for amplification in this study.
No true human SG I ϩ II or SG non-I, non-II strains, based on sequence analysis of VP6, were found in this study. SG I ϩ II or SG non-I, non-II strains detected by serological methods in this study differed considerably in nucleotide and amino acid sequences from prototype strains and were more closely related to SG II strains. This may indicate that rotaviruses of SG I ϩ II and SG non-I, non-II are rare in the human population and that the majority of the SG I ϩ II and SG non-I, non-II strains described in seroepidemiological studies may have been misclassified due to poor reactivity of the common SG II strains with the MAbs used.
Molecular methods for subgrouping provide more-accurate information on the diversity of the VP6 genes of rotavirus strains circulating in the human population and may contribute to understanding of the interrelationships among different genes and different proteins.
Previously we provided evidence for the independent segregation of the genes encoding VP7 and VP4 in reassortant rotavirus strains found in the United Kingdom (14) . Rotavirus reassortant strains of genotype G1 P [4] probably originated through reassortment between commonly circulating human rotavirus strains of genotypes G1 P [8] and G2 P [4] (14) . Usually G1 P [8] strains are associated with a VP6 of genogroup (SG) II, while G2 P [4] strains are associated with a VP6 of genogroup (SG) I (Tables 1 and 3 ) (14) . The G1 P [4] reassortant strains were found in association with VP6 of either genogroup I or genogroup II (Fig. 1) , suggesting that the gene encoding VP6 segregated independently of the genes encoding VP7 and VP4 during reassortment (Table 3 ). VP6 genes of SG I have been shown to be associated with G9 P [6] strains (15, 22) . Analysis of the VP7 and VP4 genes of G9 P [6] and G9 P [8] strains provided evidence for the emergence of G9 P [8] strains through reassortment (14) . The detection of G9 P [8] rotavirus strains with VP6 genes of either genogroup I or genogroup II provided further evidence of their reassortant origin and of the independent segregation of the genes encoding VP4, VP6, and VP7. Thus, this study adds to the molecular evidence for the involvement of VP6 in reassortment, strengthening previous reports that have described possible VP6 reassortants on the basis of serologically defined SG (14, 17) . Other strains found in the United Kingdom, G1 P [9] and G8 P [8] , may also represent reassortants derived from human and animal strains (14) . Both these reassortants were found in association with VP6 molecules of genogroup II which are possibly derived from the human parental strains carrying the gene segment encoding P [8] . Study of the epidemiology and characterization of rotavirus strains infecting animals living in close contact with humans is necessary in order to identify possible parental strains associated with human-animal rotavirus reassortment events and their subsequent introduction into the human population.
